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INTRODUCTION
The main source of tritium in heavy water moderated and cooled nuclear reactor is the neutron capture by the deuterium. Tritium is also produced in fuel as the product of ternary fission. It rapidly converts into tritiated water (HTO) when it comes to the environment. [1] Since HTO vapor is easily absorbed by the human body through skin and inhalation, it results in internal radiation exposure.
The tritium concentration starts increasing in the primary coolant and moderator system, where heavy water is exposed to neutrons during reactor operation for a long period. The spent fuel contains traces of heavy water,
The diffusion of tritiated water (HTO) vapor from the spent fuel storage bay to the spent fuel storage building (SFSB) may lead to internal exposure to occupational workers. In order to reduce this internal exposure, air curtains are provided over the spent fuel storage bay to effectively remove HTO diffusing from spent fuel storage bay to SFSB. The radiation doses to the occupational workers are controlled well below the permissible level by monitoring the air concentration of HTO in the SFSB area. In the present study, it is brought out that few additional monitoring of air concentration of HTO above the spent fuel storage bay can give useful information about the effectiveness of air curtains in the removal of HTO and the estimation of environmental releases of HTO. A three-dimensional advection-diffusion-based model is developed to demonstrate the effectiveness of air curtains in the removal of HTO and for the estimation of environmental releases of HTO, utilizing these additional measurements. The study showed that air curtains are an effective mechanism to reduce the air concentration of HTO in SFSB and remove almost 50% of HTO activity using only around 24% of the ventilation air supplied to the SFSB. The environmental release rate of HTO estimated in this study was in good agreement with the measured release rate. The methodology developed here can also be utilized to carry out parametric studies to see the impact of changes in the parameters related with air curtains in the removal of HTO, thus for better designing of air curtains.
which results in tritium contamination of the spent fuel storage bay water. The HTO vapor from the spent fuel storage bay has the potential for the internal radiation dose to occupational workers in the building. In order to reduce the tritium exposure to the occupational workers, air curtains are provided above the spent fuel storage bay to remove the HTO diffusing from the spent fuel storage bay to spent fuel storage building (SFSB). The regular monitoring of HTO concentration in SFSB helps in controlling the radiation dose to the occupational workers well below the permissible level. Additional measurements of HTO concentration above the spent fuel storage bay, and by simulations, one can provide useful information about the effectiveness of the air curtains as well as the estimation of the environmental release rate of HTO. For this, few additional measurements over the spent fuel storage bay were carried out, and a three-dimensional advection-diffusion-based model was developed using the finite-difference method. The results of this study are summarized in this paper. Figure 1 shows the position of different water bays in SFSB. The irradiated fuel assemblies are transferred from the nuclear reactor to Bay-1 for short time storage through underwater fuel transfer trench. These are transferred to Bay-2 for long time storage. The main source of tritium in the bay water is the contamination of tritiated heavy water on fuel assemblies transferred from the reactor core.
MATERIALS AND METHODS

Spent fuel storage building
The SFSB is kept at slightly negative pressure than atmospheric pressure with the once-through ventilation to minimize the airborne radioactivity in the ambient air. Fresh air is supplied at different elevations in the SFSB at a rate of around 12 m 3 /s, as documented. Air curtains are provided above all the three bays, i.e., Bay-1, Bay-2, and Bay-3 to reduce the diffusion of tritiated water vapors (HTO) from water surface to ambient air of the building. Fresh air is supplied at a flow rate of 3.75 m 3 /s to all the air curtains. There are 10 air curtains in Bay-2 and 13 in Bay-1 and Bay-3. The supply air provided in the occupancy zone of SFSB is exhausted through the air curtain exhaust system.
Simulation for HTO concentration profile in air above Bay-2
The behavior of tritiated water vapor (HTO) concentration in the air above the bay water surface is governed by the following advection-diffusion equation.
( ) ( ) The position of air curtains over water surface in Bay-2 is shown in Figure 2 . The water level in the bay depends on the evaporation and feed and bleed of water in it. At the time of experiment, the water level was approximately 1.30 m below the working floor.
Assumptions
The HTO concentration in the air above bay water and its release rate from the air curtain exhaust system has been estimated under the following two assumptions: a. The airflow is only in the region of air curtain at constant velocity u along positive X-direction toward the air exhaust system b. The effective diffusion coefficient D is constant throughout the volume of air above the bay water.
Under these assumptions, Equation 1 can be simplified to
Here, u is the X-component of velocity vector V. In order to solve Equation 2 using the explicit scheme of the finite-difference method, it is discretized using Taylor's series expansion. [2] After rearranging terms, it becomes
Where, n represents discretization in time and, i, j and k represent discretization in space along X, Y, and Z axis, respectively.
As illustrated in Figure × The time step (Δt) for simulation is selected based on the Courant-Friedrichs-Lewy criteria, which are the necessary conditions for the stability of the numerical solution to solve partial differential equations using explicit scheme of finite-difference method.
Boundary conditions
The HTO concentration profile above the bay water can be estimated by solving Equation 3 using the following boundary conditions. a. C (x, y, 0); Experimentally measured HTO concentration just above the water surface b. C (x, y, 1. The HTO concentration in the air above the bay water surface was measured by sampling air from a specific location in cold trap with the help of pipe attached to a rigid support, as shown in Figure 3 .
There is a gap of 0.53 m between consecutive air curtains along the Y-axis; therefore, the measurements have been carried out for two different locations along the Y-axis, one at the position of air curtains and the other in between the air curtains. HTO concentrations have been measured at three positions along the X-axis, at x = 0.52 m, x = 1.62 m, and x = 2.62 m for a fixed Y-coordinate; moreover, for a given X and Y coordinates, the measurements have been carried out at three different elevations from water surface, z = 0.01 m, z = 0.90 m and at z = 1.30 m. The measurements carried out at elevation z = 0.01 m and z = 1.30 m are used for boundary conditions of the problem, and those at elevation 0.90 m are used for the estimation of effective diffusion coefficient, as explained in the next section.
To get the normalized value of average HTO concentration at 0.01 m elevation, all the concentration values have been normalized with respect to the average concentration at 0.01 m elevation. The normalized values of measured tritium concentration (units/m 3 ) above the bay water surface are shown in Table 1 . 
Estimation of effective diffusion coefficient
The concentration of HTO in the air above the bay water surface is estimated by solving Equation 3 [3] In order to get the effective value of diffusion coefficient for a given problem, HTO concentration values were estimated by the model at an elevation of 0.90 m from the water surface using different values of diffusion coefficients in the range 7.0 × 10 -3 m 2 /s to 2.0 × 10 -2 m 2 /s and boundary conditions specified earlier. The simulation results were compared with the experimentally measured HTO concentration at 0.90 m above the water surface. The diffusion coefficient, which gave better matching with the measurement, was selected as the effective diffusion coefficient for our study. Simulated values of HTO concentration at 0.90 m elevation from the bay water using different values of diffusion coefficient are shown in Table 2 . Figure 4 shows the iso-contour plot of HTO concentration in XZ-cross section for Y coordinate of 2.26 m which passes through the middle of one of the air curtains in the absence of airflow in the air curtains. Figure 5 gives the same in the presence of air curtains. As shown in Figure 4 , the HTO concentration monotonically decreases with height in the absence of airflow through air curtains. However, in the presence of flow-through air curtains (as shown in Figure 5 using arrows), the concentration distribution changes significantly. Fresh air supplied to the air curtains has lowest HTO concentration, which is represented by the blue color in Figure 5 . The airflow in the curtain carries evaporated HTO vapors from the bay water into the exhaust resulting in increasing HTO concentration from the inlet toward the exhaust, as shown in Figure 5 .
RESULTS AND DISCUSSION
The contour plots show that the HTO concentration decreases more rapidly with elevation from bay water in the presence of air curtains as compared to that in the absence of air curtains.
HTO release rate from the air curtains exhaust Figure 6 shows iso-contour plot of HTO concentration profile in YZ-cross section for X coordinate of 3.15 m Figure 3 : Setup for the measurement of HTO concentration in air at different elevations above the bay water surface using cold trap method HTO is symbol of tritiated water Here grid indices j and k are grid numbers in Y and Z-directions respectively. X index 63 denotes grid situated at the boundary in X-direction. The summation of release rates from all the grids in the 10 air curtains provides the total HTO release rate from the Bay-2 which is 4.150 × 10 4 units/d.
There are 13 more air curtains present in the adjacent Bay-1 and Bay-3. The HTO contamination in the water-filled in these bays is the same as in Bay-2. Therefore, if the HTO release rate from each air curtain exhaust in Bay-1 and Bay-3 is assumed the same as the average HTO release from each air curtain in Bay-2, then total HTO released from all the 23 curtains will be 9.545 × 10 4 units/d, although the simulation has not been carried out for these additional air curtains.
HTO release rate from the main building ventilation
Some amount of airborne HTO from the bay water is swiped out by the air curtains, which is estimated as given in the previous section. The remaining HTO diffuses to the SFSB ambient air. In order to remove HTO from SFSB ambient air, fresh air is supplied at different elevations in the building, which carry away the airborne HTO through the exhaust. The air supplied in the occupancy zone of SFSB is exhausted through the air curtain exhaust, which assists the curtains. All airflow rates in building were 0.7 times the documented flow rates at the time of measurements because of the reduced speed of the main exhaust fan. The normalized value of average HTO concentration in the SFSB ambient air measured by the cold finger method [4] was 0.12829 unit/m 3 . Therefore, HTO release rate from the building ventilation is evaluated to be 9.358 × 10 4 units/d by multiplying rate of air exhaust from the building and HTO concentration in the ambient air. The normalized color scale is shown in the right exhaust of SFSB ambient air is also through the air curtain exhaust, which introduces the airflow from ambient air to the outlet of air curtains. However, the methodology presented here provides a reasonable estimate of the environmental source term for HTO. As discussed, the airflow supplied to air curtains is 2.625 m 3 /sec which carries away 9.545 × 10 4 units/d of HTO vapors, whereas the airflow supplied to building ventilation is 8.443 m 3 /s, and it carries away 9.358 × 10 4 units/d of HTO. The total air supply in the SFSB includes air supply to air curtains and main building ventilation, i.e., 11.068 m 3 /sec. Therefore, the airflow in the air curtains is only 24% of the total airflow supplied to SFSB; however, it effectively carries nearly 50% of the total HTO vapors from the SFSB.
CONCLUSIONS
The study shows that the air curtains provided over the spent fuel storage bays are effective removal mechanism for the HTO diffusing from these bays to the SFSB. These air curtains effectively remove almost 50% of the airborne radioactivity using only 24% of the ventilation air supplied to the SFSB. The estimated environmental release rate of HTO is also found to be in good agreement with the measured values. Thus, few additional measurements of HTO concentration over the spent fuel storage bay provided useful information on the effectiveness of air curtains in the removal of HTO and estimation of the environmental release rate of HTO. Moreover, the methodology suggested here can also be utilized for parametric studies and improved design of air curtains over the spent fuel storage bays.
